EEEEEEEE
EEEEEEEEE
NNNNNNNN
AAAAAAAAAA

LLNL-PROC-465216

Bottom Production from
Fixed-Target to Large Hadron
Collider Energies

R. E. Nelson, R. Vogt, C. Lourenco, H. K. Wohri

January 12, 2011

Hard Probes 2010
Eilat, Israel
October 10, 2010 through October 15, 2010



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.



Available online at www.sciencedirect.com

Procedia

ScienceDirect Computer

s Science
ELSEVIER Procedia Computer Science 00 (2010) 1-4

Bottom production from fixed-target to LHC energies

Randy Nelson®P, Ramona Vogt®?, Carlos Lourenco®, Hermine Wohrid

@ Physics Department, University of California, Davis, CA 95616,USA
b Physics Division, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA
¢CERN, CH-1211, Geneva 23, Switzerland
ALIP, Av. Elias Garcia 14, 1000 Lisboa, Portugal

Abstract

We present a state-of-the-art compilation of the existing bottom production cross sections in elementary
collisions, from fixed-target to collider experiments. We then discuss the theoretical uncertainties on the
total and differential bottom cross sections in the FONLL approach. In particular, we show total cross
sections and kinematical distributions of the bottom hadrons and their decays: B — e/uX, B — D — e/pu,
and B — J/9X. After seeing that the calculations give a good description of the existing measurements,
we present detailed predictions for the LHC experiments in their specific phase space windows.
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1. Introduction

Recent improvements in heavy quark production theory and experimental measurements at colliders, es-
pecially for bottom production, have shown that the perturbative QCD framework seems to work rather well,
see Refs. [1, 2]. It is important to continue to validate this theoretical framework and its phenomenological
inputs, extracted from other measurements, with new data such as that obtained by the CMS collaboration
in pp collisions at /s = 7 TeV [3]. We validate the FONLL approach with lower energy data and also
compare the results with preliminary LHC data. By showing good agreement between the calculations and
the data, we demonstrate we can confidently extrapolate our results to energies appropriate for heavy-ion
measurements.

2. Benchmark Calculations

We calculate the transverse momentum (pr) and pseudorapidity distributions of bottom quarks, bot-
tom hadrons resulting from fragmentation and, finally, the muons and J/1’s produced in semi-leptonic B
decays [4]. Theoretical uncertainties are estimated as extensively as possible.

The prediction of final-state observables in decays of heavy-flavor hadrons produced in pp collisions in-
cludes three main components: the pr and pseudorapidity distributions of the heavy quark @), calculated in

Email addresses: nelson@physics.ucdavis.edu (Randy Nelson), vogt2@physics.ucdavis.edu (Ramona Vogt)



R. Nelson, R. Vogt, C. Lourengo, H. Wéhri / Procedia Computer Science 00 (2010) 1-4 2

perturbative QCD; fragmentation of the heavy quarks into heavy hadrons, Hg, described by phenomenolog-
ical input extracted from e*e™ data; and the decay of H into the final state according to spectra available
from other measurements. This cross section is schematically written as
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where the symbol ® denotes a generic convolution and F represents the final state muon or J/1. The decay
spectrum, f(Hg — F'), accounts for the branching ratios.

The distribution Ed3c(Q) /dp% is evaluated at Fixed-Order Next-to-Leading-Log (FONLL) [5]. As in
Ref. [4], we take my, = 4.75 GeV as the central mass value and vary the mass between 4.5 < m; < 5 GeV to
estimate the uncertainty due to quark mass. The perturbative calculation also depends on the factorization
(1r) and renormalization (ug) scales. The scale sensitivity is a measure of the perturbative uncertainty. We
take pip p = po = \/p2 + mj as the central value of the scales and vary pp and pp independently within a
‘fiducial’ region defined by pr r = &g r - po with 0.5 < &g p <2 and 0.5 < &r/&p < 2 so that {(&g,¢p)} =
{(1,1), (2,2), (0.5,0.5), (1,0.5), (0.5,1), (2,1), (1,2)}.

Our final prediction is thus an uncertainty band which has a reasonably large probability of containing
the ‘true’ theoretical prediction. The envelope containing the resulting curves defines the uncertainty. The
mass and scale uncertainties are added in quadrature so that

dUmax/min = dgcent + \/(do—y,max/min - dacent)2 + (dam,max/min - dacent)2 (2)

where the subscript “u, max/min” indicates the maximum/minimum value of the cross section obtained for
the central mass for all allowed scales and “m, max/min” is the max/min cross section over the range of
mass values with £ = £g = 1 and the +/— sign goes with max/min, respectively. The bottom quark mass
is large enough for the strong variations in the low z gluon distribution and the size of oz apparent in charm
production [6] to be considerably reduced.

The fragmentation function, D(b — B), where B indicates a generic admixture of bottom hadrons, is
consistently extracted from ete~ data in the context of FONLL. Bottom fragmentation depends on the
parameter « in the functional form suggested by Kartvelishvili et al. [7]: a = 29.1 for my, = 4.75 GeV,
a = 34 for my =5 GeV, and a = 25.6 for my = 4.5 GeV (see Ref. [8]).

The measured spectra for primary B — p decays are assumed to be equal for all bottom hadrons. The
contribution of muons from secondary B decays, B — D — pu, was obtained by convoluting the D — p
spectrum with a parton-model prediction of b — ¢ decay. The resulting secondary muon spectrum is very
soft, giving a negligible contribution to the total. The decay spectra are normalized using average branching
ratios for admixtures of bottom hadrons [9]: BR(B — u) = 10.99£0.28% and BR(B — D — p) = 9.6+0.6%.

The calculated bottom quark production cross section, with its uncertainty, is plotted in Fig. 1 as a
function of the pp \/s. The available experimental measurements [10, 11, 12, 13, 14], also shown, are in
agreement with our calculation. The CDF pp results [15] correspond to a limited coverage in rapidity and
pr, as indicated, and specific FONLL calculations have been made, applying the same phase-space cuts.

3. Comparison to Preliminary LHC Data

We now compare our FONLL calculations to the preliminary CMS data in pp collisions at 7 TeV [16, 17].
Our results for muons from b decays in the CMS acceptance, pi > 6 GeV and |n#| < 2.1, are shown in
Fig. 2. We note that since the reported experimental values are for all muons, 4™ + p~, the FONLL result,
normalized to the total cross section, corresponding to (p™ + 7)) /2, must be multiplied by two.

We now calculate the fraction of J/v¢ production coming from B decays at 7 TeV. We will also compare
our results with the CDF measurement [15]. The prompt inclusive J/¢ yield is calculated in the Color
Evaporation Model (CEM). In the CEM, quarkonium production is treated as c¢ below the DD threshold,

CEM
a§N = Ry |
ij 74

2

ds / dxy dxy fip(21, u?) fip(x2, 1?)65(8) (5 — z1298) (3)
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Figure 1: The total bb cross section as a function of v/s in pp collisions compared to data [3]. The solid curve shows the FONLL
central value while the dashed curves delimit the uncertainty band. The limited-acceptance CDF results from pp collisions [3]
are also shown. The corresponding FONLL calculations are shown as points with error bars (displaced left).
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Figure 2: The theoretical uncertainty bands and CMS preliminary results for pp — bX — pX at VS =7 TeV [16]. Left: The
n distribution for p4 > 6 GeV. Right: The pr distribution for |n#| < 2.1.

The different charmonium states are assumed to have the same /s, pr and zr dependence. The normaliza-
tion, Fy, is determined by comparison to the J/1 production cross section as a function of /s [18].

The B-fraction is the ratio of inclusive J/1 production coming from B meson decays to the total inclusive
prompt J/1¢ production. The J/v yield is the sum of the B — J/4 decays, calculated with FONLL, and
direct, prompt J/1 production, calculated in the CEM,

B J/$X
prompt, inclusive J/¢) + B — J/9pX

B fraction =

The results are shown in Fig. 3. The left-hand side of Fig. 3 shows the B fraction for pp collisions at
7 TeV in two different rapidity ranges of the CMS acceptance. The preliminary CMS results are shown in
blue for the central rapidity region, |y| < 1.4, and grey for the more forward region, 1.4 < |y| < 2.4 [17].
The shaded areas show the uncertainty on the calculated fraction. Only the uncertainty on the FONLL
B — J/1 calculation is shown. The right-hand side of Fig. 3 compares the CDF Run II results (pp at
1.96 TeV, |y| < 0.6) [15] to the FONLL + CEM calculations. While curvature of the calculated fraction as
a function of pr appears to differ from that of the data, the results are in agreement for pr < 12 GeV/ec.
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Figure 3: The theoretical uncertainty bands for the B — J/4 fraction as a function of pr compared to data. Left: The CMS
results from pp collisions at /s = 7 TeV in the ranges y < 1.4 and 1.4 < y < 2.4 [17]. Right: The CDF Run II results for pp
collisions at 1.96 TeV in y < 0.6 [15].

4. Summary

Total cross section calculations using the FONLL approach for pp — BB show excellent agreement
across a wide range of /s at both full phase space and CDF phase space. This provides confidence that
extrapolating to LHC energies will also show good agreement. Differential cross section FONLL calculations
(do/dpy and do/dn) at 7 TeV have been compared to preliminary CMS results. The agreement is quite
striking. In addition, B fraction calculations have been made that also compare well to the CMS data. This
should allow us to expect good agreement between further FONLL calculations and other observables.
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